We perform a set of numerical experiments studying the interaction of Type I X-ray bursts with thin, Shakura-Sunyaev type accretion discs. Careful observations of X-ray spectra during such bursts have hinted at changes occurring in the inner regions of the disc. We now clearly demonstrate a number of key effects that take place simultaneously, including: evidence for weak, radiation-driven outflows along the surface of the disc; significant levels of Poynting-Robertson (PR) drag, leading to enhanced accretion; and prominent heating in the disc, which increases the height, while lowering the density and optical depth. The PR drag causes the inner edge of the disc to retreat from the neutron star surface toward larger radii and then recover on the timescale of the burst. We conclude that the rich interaction of an X-ray burst with the surrounding disc provides a novel way to study the physics of accretion onto compact objects. 1 arXiv:2001.01032v1 [astro-ph.HE] 4 Jan 2020
are consistent with many of the observed behaviors of burst-disc interactions in the low/hard state, though more work needs to be done to connect the simulations with observations. In the current work, we explore the complimentary case of thin accretion discs (corresponding to a more rapidly accreting system) interacting with an X-ray burst.
Results
Retreat of r in . Based on previous observations 13 , our expectation is that the inner edge of the disc, r in , will retreat (move outward) as a result of the burst. To assess this in our simulations, we begin with a measure of r in that depends only on the hydrodynamic properties of the disc 18 , specifically the surface density profile, Σ(r). In Fig. 1 , we present spacetime diagrams of Σ for simulations without and with a Type I X-ray burst. A noticeable retreat of the disc away from the neutron star is seen in all the simulations that include a burst, while no such movement is seen for the one simulation without. Formally defining the inner edge of the accretion disc, r in , as the radius where Σ(r) drops from a reference value of Σ 0 = 2.56 × 10 3 g cm −2 (8.45 × 10 2 g cm −2 for the α = 0.1 simulation), by a factor of 3e, we can track the movement of r in over the course of the burst, as we do in Fig. 2 . While the simulation without a burst shows an initial slight decrease in r in , after which the value plateaus, all the simulations with bursts show r in moving out by a few km and then back in over the timescale of the burst. We will return to the question of how quickly the disc fills back in and discuss mechanisms for this movement below. We also note that ∆r in is larger for our more luminous burst (blue, dot-dashed curve) and for the higher α simulation (golden, dot-dot-dashed curve).
Since these simulations include radiation, we can make a more relevant estimate of the inner radius of the disc by considering its effective optical depth, τ e = κ a κ s /2Σ (see the Methods section for definitions of κ a and κ s ). Spacetime diagrams of τ e are shown in Fig. 3 . Now defining the inner edge of the accretion disc, r in , as the radius where τ e (r) drops below unity, we can again track the movement of r in over the course of the burst. This track (not shown) agrees fairly well with the earlier results based on the disc surface density (Fig. 2) . Again, the simulation without a burst shows only a very modest decrease in r in , whereas the simulations with bursts show the radius moving out by as much as 15-35% near the peak of the burst, depending on its luminosity.
Lastly, Fig. 3 shows that the X-ray bursts reduce the optical depth over the entire inner accretion disc (not just the evacuated region) by an order of magnitude. This will have an important impact on how the burst-disc interaction is observed, a point we will return to below.
Recovery of r in after the burst. One thing we notice from Fig. 2 is that the inner radius of the disc adjusts on roughly the same timescale as the burst itself. This is true both for the phase when the radius is moving outward (during the burst rise), but also during the phase when the disc recovers and moves inward (during the burst decay). This tells us that whatever mechanism causes r in to change, it must act on a timescale shorter than the typical Type I burst timescales we are considering (∼ few s). Certainly the dynamical timescale, t dyn = 2π/Ω ≈ 10 −3 s, is much shorter than this over the regions of the disc being considered, as is the thermal timescale, t th = t dyn /α ≈ 10 −2 s, while the viscous timescale, t vis = r 2 /ν = r 2 /(αH 2 Ω) ≈ 10 3 s, is nominally much longer. This suggests that the disc does not have sufficient time to fill in viscously as the burst declines; it must be rebounding dynamically or thermally or be governed by some other timescale.
Physical Cause of the Movement of r in . Earlier work 7 had suggested three possible processes that could trigger the migration of r in during a Type I X-ray burst: radiatively driven outflows, inflow due to Poynting-Robertson (PR) drag, and structural changes due to X-ray heating. We consider each of these in turn.
Outflows. We first look at the mass flux through each radial shell in the simulation domain for simulations without and with bursts in the spacetime diagrams of Fig. 4 . While the simulation without a burst exhibits fairly constant mass inflow (light blue shades) at all radii over the duration of the simulation, the L 0 = 10 38 erg s −1 and L 0 = 3 × 10 38 erg s −1 simulations transition from steady mass inflow to a mix of strong inflow (deep blue) and outflow (dark red), whereas the L 0 = 10 38 erg s −1 , α = 0.1 simulation mostly transitions to strong inflow. The strong inflows in the burst simulations are driven by a combination of PR drag and disc heating, which will be discussed in the following sections. The differences in the mass outflows comes from the convective stability of each simulation. While the no-burst and L 0 = 10 38 erg s −1 , α = 0.1 simulations remain stable under the Schwarzschild criterion,
where Γ = 5/3 is the polytropic index, the L 0 = 10 38 erg s −1 and L 0 = 3×10 38 erg s −1 simulations do not.
However, we can see in Fig. 5 that much of the "outflowing" mass in the L 0 = 10 38 erg s −1 simulation (likewise for the L 0 = 3 × 10 38 erg s −1 one) is located within the body of the disc. The only organized, true outflows we find in these simulations are confined to narrow layers along the top and bottom surfaces of the discs. These outflows are driven by the radiation pressure of the burst and achieve median speeds of ≈ 0.03c. At these speeds, the matter is still formally bound to the neutron star and will fall back unless there is additional acceleration at larger radii. It is interesting that even in the case of the L 0 = 3 × 10 38 erg s −1 burst, which exceeds the Eddington limit of the accretion disc (1.7 × 10 38 erg s −1 ), we do not find an appreciable outflow.
Poynting-Robertson drag. PR drag was seen to be significant in our previous thick-disc burst simulation 17 and appears to be present in the current thin-disc burst simulations, too. To illustrate this, Fig. 6 plots the ratio of angular velocities for the simulation with the 3 × 10 38 erg s −1 burst, normalized by the one without. Like this case, all of the burst simulations show regions of sub-Keplerian flow near the inner edge of the disc around the time of the burst peak, t peak . This is reasonable, considering that the timescale for angular momentum loss due to PR drag is 19
where ξ is a geometric factor of order max[dH/dr, R NS /r]. Near the inner edges of the thin discs studied here, ξ ∼ 0.8, and so this timescale is t PR ∼ 0.25, 0.08, and 0.08 s for the L 0 = 10 38 erg s −1 , L 0 = 3 × 10 38 erg s −1 , and L 0 = 10 38 erg s −1 (α = 0.1) simulations, respectively, which is about an order of magnitude shorter than the timescale of the burst. Thus, we expect PR drag to have sufficient time to act in the inner regions of the disc. In our previous thick disc simulations, the surface density was roughly six orders of magnitude smaller, corresponding to a similar reduction in the timescale for PR drag to act, explaining why this effect was noticeably stronger over a wider range of radii in those simulations.
The mass accretion rate associated with PR drag is 19
This is indeed very close to the peak mass accretion rate we measure (see Fig. 7 ). This mass accretion rate is not sustainable, though, as the inner part of the accretion disc is drained at a faster rate than it is being refilled, soṀ drops back down even before the burst peaks. Thus, the accretion rate onto the star is briefly enhanced by a factor of ∼ 10, and has a sustained increase of a factor of a few. This behavior may explain similar increases in the accretion luminosities observed during X-ray bursts 14, [20] [21] [22] . It is important to note that while PR drag can only affect the flow directly out to roughly τ e = 1, the change in mass accretion rate at the inner edge of the disc can be effectively communicated throughout the rest of the disc by normal viscous torques.
X-ray heating. The heating of the disc by the burst is significant for these thin discs. The radiation raises the density-weighted temperature by about half an order of magnitude over a wide range of radii ( Fig. 8 ). This is interesting, because for thick discs, the radiation has the opposite effect, cooling the disc by orders of magnitude 17 . This makes sense, though, as the thin discs simulated here have non-burst, equilibrium temperatures that are cooler than the effective radiation temperature of the burst, whereas thick discs are initially much hotter 17 . In both cases, the disc is being driven toward thermodynamic equilibrium with the ∼ 10 7 K burst radiation, mostly by Compton scattering.
Since our thin discs are gas-pressure supported, the heating also triggers a corresponding increase in the scale heights of the discs ( Fig. 9 ). At any given radius, the height increases by almost a factor of two. According to standard thin disc theory, wherė
a doubling of H (with Ω and Σ remaining roughly constant) should lead to a fourfold increase iṅ M , which is, in fact, consistent with what we see at late times ( Fig. 7) . It is interesting to note that the temperature, height, and mass accretion rates have not recovered to their pre-burst values by the end of the simulations despite the simulations lasting many thermal timescales.
Because of the Kramer's style opacity we use, the rise in disc temperature and drop in density lead directly to a drop in the absorption opacity, which likewise leads to a drop in the effective optical depth, as seen in Fig. 3 . Here we are focused on the drop in optical depth beyond r in , i.e.
in the body of the disc. The movement of r in is owing to other effects, primarily PR drag.
Discussion
In this paper, we have considered the impact of Type-I X-ray bursts on surrounding thin accretion discs. Our simulations have produced a number of remarkable results:
(i) An order of magnitude drop in the effective optical depth of the disc.
(ii) Weak outflows along the surface of the disc.
(iii) Measurable Poynting-Robertson drag.
(iv) Half an order of magnitude increase in the average disc temperature.
(v) A factor of 2 increase in the disc height.
(vi) More than an order of magnitude increase inṀ , initially driven by PR drag in the inner parts of the disc, tapering off to a factor of 4 enhancement over a broad range of radii due to the change in height of the disc.
Most remarkable, and consistent with observational evidence [13] [14] [15] , we found that the inner radius of the disc moves away from the neutron star on the timescale of the burst. In our simulations, this was caused mostly by Poynting-Robertson-driven accretion, while other effects we considered, such as radiation-driven outflows, appeared to be negligible. Structural changes due to radiative heating of the disc were also observed, leading to the increase in height and decrease in optical depth mentioned above.
It is noteworthy that by all our measures, the inner edge of the accretion disc recovers (moves back in toward the neutron star) on roughly the same timescale as the decay of the burst. Since the viscous timescale is much longer than the burst timescale in these simulations, it would seem we can rule out the disc recovering via viscous replacement of lost material. Instead, the PR drag timescale, equation (2), fits best with our results.
These are the first multi-dimensional, radiation hydrodynamic simulations of the interaction of Type I X-ray bursts with thin accretion discs, greatly improving on earlier one-dimensional treatments 23 . While there are still many improvements that can be made to the simulations, the physical mechanisms that lead to our main results appear robust.
It may be possible in the future to combine such simulations with careful observations of bursts to constrain the properties of neutron star accretion discs, such as the viscosity parameter α. Observationally, the interaction of an X-ray burst with a surrounding disc is most easily studied over the longer timescale of a superburst. However, our simulations are currently limited in duration to something more typical of a normal Type I burst (∼ 10 s).
Besides a longer burst, our results already show us that we can get a larger ∆r in whenever the luminosity is higher or the surface density is lower. This was the purpose of the α = 0.1 simulation, since a larger α leads to a smaller Σ for gas-pressure-dominated, Shakura-Sunyaev discs. The factor of 3 decrease in Σ between the L 0 = 10 38 erg s −1 , α = 0.025 and α = 0.1 simulations produced a factor of 1.7 increase in ∆r in . A smaller Σ could also come from a lower mass accretion rate (assuming we are on the stable, gas-pressure-dominated branch of the Shakura-Sunyaev solution).
Future work will focus on the observational consequences of the predicted behavior. The illumination of the disc by the burst will cause X-ray reflection features 24 that can be used to track the changes to the disc geometry 13, 15 . Interestingly, the simulations show that X-ray heating causes an order of magnitude drop in the optical depth of the inner disc during the burst (Fig. 3) , which will reduce the reflection signal coming from the inner disc. As a result, despite the presence of the inner accretion disc, reflection features from the outer disc may dominate during a burst, as seen during the 4U 1820-30 superburst 13 . Tracing the evolution of the disc reflection signal during an X-ray burst by a high-throughput spectral observatory such as NICER or, in the future, eXTP 25 and STROBE-X 26 , has the potential to resolve changes in the disc structure, elucidating key properties of accretion flows. Competing interests The authors declare that they have no competing interests.
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Methods
The simulations use the Cosmos++ computational astrophysics code [27] [28] [29] to numerically evolve the equations of general relativistic radiative, viscous hydrodynamics 30 . We use the Kerr metric, with mass M = 1.45M and spin parameter a = 0, to describe the spacetime exterior to the neutron star. This is something that should be explored further in future work, as PR drag is known to be a The burst disc becomes optically thinner everywhere and transparent in its inner regions. For the radiation, we employ a covariant formulation of the M 1 closure scheme 29, 32, 33 . In this work, we assume Kramers-type, gray opacity laws. Thus, the burst spectral energy distribution is not taken into account. Since free-free absorption is the most relevant atomic absorption process, the appropriate Planck and Rosseland means (for solar metallicity and a hydrogen mass fraction of X = 0.7) are κ a P = 6.4 × 10 22 T T rad )/m e , and use a constant electron scattering opacity, κ s = 0.2(1+X) = 0.34 cm 2 g −1 . Further, we assume that the electron-ion equilibration time is sufficiently short for the electrons to be at the same temperature as the ions.
Following standard disc theory, the shear viscosity coefficient is calculated as
where c s is the thermal sound speed (including both gas and radiation contributions), H is the disc height, and α is the Shakura-Sunyaev viscosity parameter. In this work, α is assumed to be a constant, while c s and H are evaluated from local conditions within the fluid, except that H is limited to < 0.1r to prevent having very high viscosity in the background gas where V φ fluctuates considerably. For most simulations, we choose α = 0.025, though for one simulation we consider α = 0.1 in order to study the effects of the larger viscosity.
Through viscous heating and radiative cooling, the thermodynamics and radiative luminosity of the disc are accounted for self-consistently within the simulations. We further include radiation coming from the surface of the neutron star by including a variable flux at the inner radial boundary of our simulation domain. This flux is composed of radiation owing to accretion of matter onto the surface of the neutron star and (when appropriate) to radiation from a Type I X-ray burst on the surface. For the accretion luminosity, we assume L surf = 0.14Ṁ c 2 (corresponding to the additional potential energy lost as material falls from the inner edge of the disc to the surface of the neutron star 35 ), whereṀ
g is the determinant of the curvature metric, and u r is the radial component of the fluid 4-velocity.
Since most Type I X-ray bursts exhibit a fast rise followed by a slower decay, similar in shape to many gamma-ray burst (GRB) pulse profiles, we model the burst luminosity, L burst , using the so-called Norris model from the GRB community 36 :
where L 0 is the peak burst luminosity, t s is the burst start time, and τ 1 and τ 2 characterize the burst rise and decay. In this work we choose t s = −0.4 s, τ 1 = 6 s, and τ 2 = 1 s and consider two values of L 0 (10 38 and 3 × 10 38 erg s −1 or 0.59L Edd and 1.76L Edd , respectively, where L Edd = 1.7 × 10 38 erg s −1 ). These choices produce bursts that peak at a simulation time of t = 2.05s, last for 10s, and have total energy outputs of 3 and 9 × 10 38 erg, respectively. Profiles for each of our bursts are illustrated in Fig. 10 . Each of our simulations follows > 2 s of the burst, ensuring that the peak of the lightcurve is captured by the calculations. In addition, the 10 38 erg s −1 , α = 0.025 burst is followed for > 4 s in order to measure changes in the disc during the burst tail. Note that even though we consider one case of a super-Eddington burst, we do not include the effects of the expansion of the neutron star photosphere that is expected to accompany this case. This will be a priority in future simulations.
To initialize the discs, we start from the relativistic generalization of the Shakura-Sunyaev thin disc solution 37, 38 . As we are only considering a limited radial range, and to avoid any thermal or other instabilities 30 , we only consider the gas-pressure-dominated regime (appropriate foṙ M c 2 /L Edd 0.02). We also include a small radial drift velocity, V r (r) 39 .
For the initial vertical profile, we solve for the vertical hydrostatic equilibrium, assuming an isothermal disc:
and P tot (r, z) = GM H 2 r 3 ρ(r, z) .
Assuming the gas and radiation are in local thermodynamic equilibrium for the initial, analytic solution, we partition the pressure according to
wherem = 0.615m H and a R = 4σ/c is the radiation constant. We can now solve for T gas (r, z).
The initial azimuthal velocity is taken to be Keplerian, V φ (r) = Ω K . Note that we neglect additional corrections to the Novikov-Thorne solution 39 , but since we are just using these conditions to initialize our simulations, this should not matter too much. For the background, we initialize a cold (gas internal energy density, e = 10 −4 e max r −5/2 ), low density (ρ = 10 −6 ρ max r −3/2 ) fluid with velocity u r = −(r s /r) 1/2 where r s is the Schwarzschild radius. The temperature found above is also used to set the radiation field. In the frame of the fluid, the initial radiation energy density is
while the flux, F i , is set equal to the gradient of this quantity. Note that we assume the surface and burst radiation fields are isotropic. A limitation of the M 1 closure is that the flux moves in a single direction. For the burst radiation, this is radially away from the star. Thus, we are neglecting effects related to scattering in the neutron star atmosphere, which would increase the intensity incident upon the disc by a factor of order (1 + 2.06µ) 40, 41 , where µ is the cosine of the angle between the normal to the atmosphere and the direction of radiation. As a consequence, we are underestimating the effect of PR drag by a similar factor.
The simulations are 2.5 dimensional (azimuthal velocity and flux components are retained and evolved), axisymmetric, and cover a radial range from r min = 10.7 km to r max = 352 km, with exponential spacing. The assumption of axisymmetry is needed to keep the computational cost reasonable, though there are observations of bursts with modulations in their tails suggestive of non-axisymmetric effects 42 . We use "outflow" boundaries at both the inner and outer radial boundaries, which effectively means we are assuming any boundary layer effects related to the neutron star surface happen inside r min . The full range of θ is covered with a latitude coordinate, Sustained heating of the disc by the burst causes the disc height to increase over the timescale of the burst. 
